To examine the diagnostic accuracy of sensitive cardiac troponin (cTn) assays in elderly patients, since elevated levels with sensitive cTn assays were reported in 20% of elderly patients without acute myocardial infarction (AMI).
Introduction
Acute myocardial infarction (AMI) is the leading cause of death and morbidity in the elderly population of Europe and the USA. 1 Its rapid and accurate diagnosis is an unmet clinical need. Delayed 'rule in' increases morbidity and mortality. 2, 3 Delayed 'rule out' prolongs the time spent in the emergency department (ED), increasing patients' anxiety and causes enormous costs for the health-care system. 4 New sensitive cardiac troponin (cTn) assays, with a lower limit of detection (LoD), below the 99th percentile of a normal reference population, have recently become available in clinical † Both authors have contributed equally and should be considered first author.
practice. 5, 6 These assays improved the early diagnosis of an AMI in unselected patients with acute chest pain. 7, 8 However, their diagnostic accuracy in the elderly is uncertain, as elevated levels of cTn were found in up to 22% of persons living in the community who were 70 years of age or older. 9 -11 Therefore, and for other reasons, elderly patients merit particular attention. First, pre-existing heart diseases, risk factors, as well as diseases that potentially cause AMI-like chest pain such as gastritis or pneumonia are more common in the elderly. 12 -14 Thus, they are at increased risk for both: AMI, as well as anxiety related to non-cardiac causes of chest pain. Secondly, the interpretation of the 12-lead electrocardiography (ECG) is particularly challenging in elderly patients due to common pre-existing ECG alterations such as a bundle branch block or a pacemaker. In contrast, new ST-segment-elevation is less common in the elderly compared with younger patients. 15 Thirdly, the diagnosis of an AMI is even more challenging in the elderly since they differ from younger patients in perception and presentation of the symptoms. 16, 17 Fourthly, due to frequently pre-existing heart diseases and renal failure, cTn levels may also be elevated in elderly patients without an AMI. 18, 19 Fifthly, the elderly are more prone to adverse events related to cardiovascular medication, e.g. anticoagulation, as well as to cardiovascular procedures, e.g. coronary angiography, and percutaneous coronary intervention. In this context, an accurate diagnosis of an AMI is mandatory for therapeutic indications. 20 -22 We therefore examined the diagnostic performance of novel sensitive cTn assays for the early diagnosis of an AMI in patients .70 years of age, presenting with acute chest pain to the ED.
Methods

Study design and population
The Advantageous Predictors of Acute Coronary Syndrome Evaluation (APACE) Study is an ongoing prospective international multi-centre study designed and co-ordinated by the University Hospital Basel. From April 2006 to June 2009, a total of 1247 consecutive patients presenting to the ED with symptoms suggestive of an AMI with an onset or peak within the last 12 h were recruited. Elderly patients were considered those .70 years of age.
The study was carried out according to the principles of the Declaration of Helsinki and approved by the local Ethics Committees. Written informed consent was obtained from all patients. The authors designed the study, gathered, and analysed the data, vouch for the data and analysis, wrote the paper, and made the decision to submit it for publication. The assays were donated by the manufacturers, who had no role in the design of the study, the analysis of the data, the preparation of the manuscript, or the decision to submit for publication.
Routine clinical assessment
All patients underwent an initial clinical assessment that included history taking, a physical examination, 12-lead ECG, continuous ECG monitoring, pulse oximetry, standard blood tests, and chest radiography. Cardiac troponin I or cTnT, CK-MB, and myoglobin were measured at presentation and 6 -9 h after presentation or as long as clinically indicated. The precise timing of clinical post-baseline measurements and the treatment of patients were left to the discretion of the attending physician.
Adjudicated final diagnosis
To determine the final diagnosis for each patient, two independent cardiologists reviewed all available medical records-the clinical history, findings on physical examination, and results of laboratory tests (including cTn values obtained at the participating hospitals but not those being assessed as part of this study), radiologic testing, ECG, echocardiography, cardiac exercise test, coronary angiography-from the time of the patient's arrival in the ED to the end of the 90-day follow-up period. When there was disagreement about the diagnosis, cases were reviewed and adjudicated in conjunction with a third cardiologist.
An AMI was defined in accordance with current guidelines. 23 In brief, an AMI was diagnosed when there was evidence of myocardial necrosis in association with clinical signs of myocardial ischaemia. Necrosis was diagnosed by a rising and/or falling pattern of the local cTn level, with at least one value above the 99th percentile, at a level of imprecision of ,10%. 5 The following cTn assays were used for the adjudication of the final diagnosis at the participating hospitals: Abbott Axsym cTnI ADV, Beckmann Coulter Accu cTnI, and Roche cTnT. All three are well-validated current cTn assays with comparable performance in the diagnosis of an AMI. 5 Unstable angina was diagnosed when a patient had normal cTn levels but new onset or a deterioration of stable angina, positive cardiac exercise testing, coronary artery stenosis of 70% in subsequent cardiac catheterization. Unstable angina was also diagnosed when the diagnosis during hospitalization was uncertain but AMI or sudden cardiac death within 90 days occurred, that was evidently associated with the symptoms described at prior presentation. Further pre-defined diagnostic categories were cardiac but not coronary symptoms (e.g. perimyocarditis or tachyarrhythmias), and non-cardiac causes. If AMI was ruled out at presentation, but no sufficient diagnostic procedures were performed during follow up to establish a definite final diagnosis, symptoms were classified as chest pain of unknown origin.
Investigational cardiac troponin analysis
Blood samples for determination of four investigational cTn assays (three sensitive: Roche High-Sensitive-cTnT, Siemens cTnI-Ultra, 6, 24 Abbott cTnI-Architect, and one standard: Roche cTnT 25 ) were collected at the time of the patient's presentation to the ED. Additional samples were collected at 1, 2, 3, and 6 h. Serial sampling was discontinued when the diagnosis of an AMI was certain and treatment required transferring the patient to the catheter laboratory or coronary care unit. After centrifugation, samples were frozen at 2808C until they were assayed in a blinded fashion in two batches in a dedicated core laboratory. The two Roche assays were performed with the use of the Elecsys 2010 system (Roche Diagnostics): for cTnT (fourth generation), the LoD is 0.01 mg/L, the 99th percentile ,0.01 mg/L, and the coefficient of variation of ,10% (10% CV) is 0.035 mg/L; for hs-cTnT, the LoD is 0.005 mg/L, the 99th percentile 0.014 mg/L, and the 10% CV is 0.013 mg/L. 26 For the Siemens cTnI-Ultra assay, performed with the ADVIA Centaur immunoassay system (Siemens), the LoD is 0.006 mg/ L, the 99th percentile 0.04 mg/L, and the 10% CV is 0.03 mg/L, as specified by the manufacturer. 6, 7, 24 For the Abbott-Architect cTnI assay, performed with the Architect system (Abbott Diagnostics), the LoD is 0.01 mg/L, the 99th percentile 0.028 mg/L, and the 10% CV is 0.032 mg/L, as specified by the manufacturer. 
Statistical analysis
Results
Patient characteristics
Of the 1247 consecutively enrolled patients, measurement of all four investigational cTn assays were obtained at presentation from 1098 patients, of whom 406 (37%) were older than 70 years. Elderly patients differed from those younger than 70 years of age in several of the baseline characteristics ( Table 1) . The 90-day follow-up was completed in 100% of patients. Acute myocardial infarction was the adjudicated final diagnosis in 24% of patients over 70 years when compared with 9% in younger patients (P , 0.001). Other adjudicated diagnoses were unstable angina in 16%, cardiac symptoms from causes other than coronary artery disease in 15%, non-cardiac causes in 34%, and symptoms of unknown origin in 11% of the elderly patients ( Table 2) .
Cardiac troponin levels at presentation
Among the patients, whose final diagnosis was not an AMI, patients over 70 years old had significantly higher baseline levels of all three sensitive cTn compared with younger patients: median levels in patients aged ≥70 were 0.014 mg/L (IQR: 0.009-0.024), with hs-cTnT; 0.01 mg/L (IQR: 0.004-0.025), with cTnI-Ultra; and 0.003 mg/L (IQR: 0-0.011), with Abbott-Architect cTnI; compared with 0.005 mg/L (IQR: 0.003 -0.009), with hs-cTnT; 0.004 mg/L (IQR: 0.001 -0.011), with cTnI-Ultra; and 0.000 mg/L (IQR: 0.000-0.002) with Abbott-Architect cTnI in younger patients (P , 0.001 for comparisons). Of the total, 51% of the elderly patients with a final diagnosis other than AMI, had elevated baseline levels of hs-cTnT, 17% had elevated baseline levels of the Siemens cTnI-Ultra, and 13% had elevated baseline levels of Abbott-Architect cTnI above the 99th percentile. Among younger patients, the percentages were significantly smaller with the sensitive cTn assays (14, 8 , and 7%; P , 0.001, P ¼ 0.002, and P ¼ 0.004, respectively; Figure 1 ).
In elderly as well as in younger patients, cTn levels at presentation, as assessed by all the assays, were significantly higher in patients whose final diagnosis was AMI when compared with those with other diagnoses (P , 0.001 for comparisons).
Diagnostic accuracy of cardiac troponin at presentation
In elderly patients, the diagnostic accuracy for an AMI, quantified by the AUC, was significantly higher with the three sensitive cTn assays than that with the standard assay [AUC for Roche hs-cTnT: 0.94; 95% confidence interval (CI): 0.91-0.96; for Siemens cTnI-Ultra: 0.95; 95% CI: 0.93-0.97; and for Abbott-Architect cTnI: 0.95; 95% CI: 0.92-0.97; vs. AUC for the standard assay: 0.90; 95% CI: 0.87-0.93; P ¼ 0.015, P ¼ 0.003, P ¼ 0.006, respectively, for comparisons; Table 3 and Figure 2A] . Overall, among all three sensitive assays, the diagnostic accuracy was similar (P . 0.05). In younger patients, the diagnostic accuracy for an AMI was also significantly higher with the sensitive assays than that with the standard assay (AUC for Roche hs-cTnT: 0.94; 95% CI: 0.91-0.96; for Siemens cTnI-Ultra: 0.95; 95% CI: 0.93 -0.97; and for Abbott-Architect cTnI: 0.95; 95% CI: 0.92-0.97; vs. AUC for the standard assay: 0.90; 95% CI: 0.87 -0.93; P ¼ 0.015, P ¼ 0.003, P ¼ 0.006, respectively, for comparisons; Table 2 and Figure 2C ). Overall, comparing the AUC of the three sensitive assays in elderly vs. younger patients, we found no significant differences (P . 0.4 for all tests).
Best cut-off determined by receiver operating characteristic curve
The best cut-off value to separate AMIs from non-AMIs determined by ROC analysis in elderly patients was nearly four times the 99th percentile for hs-cTnT (0.054 mg/L), but close to the 99th percentile for both sensitive cTnI assays (0.032 mg/L for Abbott-Architect cTnI and 0.045 mg/L for Siemens cTnI-Ultra; see Table 4 and Figure 2A ).
In contrast, the best cut-off value to separate AMIs from non-AMIs in younger patients was close to the 99th percentile for hs-cTnT (0.017 mg/L) and for cTnI-Ultra (0.039 mg/L), but less than a third of the 99th percentile for Abbott-Architect cTnI (0.008 mg/L; see Table 5 and Figure 2C ).
Cardiac troponin levels in patients with recent onset of chest pain
The accuracy of the sensitive cTn assays was also high among patients with recent onset of chest pain ( Figure 2B and D, Figure 3 , and Supplementary material online, Table S5A ).
Diagnostic performance at the 99th percentile in elderly and younger patients
Overall, at the 99th percentile all cTn assays showed higher sensitivity in elderly when compared with younger patients. The increase in sensitivity in elderly patients was associated with a decrease in specificity, which was particularly pronounced with hs-cTnT (49% in the elderly vs. 86% in younger patients; P , 0.001; see Table 6 ).
Serial cardiac troponin levels
During serial sampling, the AUC for all cTn assays increased in patients over 70 years (Supplementary material online, Table  S5B ). Absolute values of changes in cTn levels from presentation to 1 and 2 h had similar diagnostic accuracy as the baseline cTn levels. The combination of baseline levels plus early changes did slightly improve the performance of the baseline level for all cTn assays. This increase in accuracy was statistically significant for the hs-cTnT assay and the Siemens cTnI-Ultra assay with the combination of the baseline levels and the change already within the first hour after presentation (P ¼ 0.013 and P ¼ 0.017, respectively). For the Abbott-Architect cTnI assay, the improvement in accuracy was only significant with the combination of the baseline level and the change within the first 2 h after presentation (P ¼ 0.014; Supplementary material online, Table S5C ). The diagnostic performance of the standard cTn was significantly improved by the measurement of early changes in cTn levels after 2 h as well as by the combination of baseline levels plus early changes at 1 h and at 2 h (P , 0.05; see Supplementary material online, Table  S5C ).
Cardiac troponin in the diagnosis of unstable angina and acute coronary syndromes
In elderly patients, the sensitive cTn assays had very poor accuracy for differentiating unstable angina from non-cardiac causes of chest pain (AUC for Roche hs-cTnT: 0.62; 95% CI: 0.55-0.69; for Siemens cTnI-Ultra: 0.58; 95% CI: 0.51-0.65; for Abbott-Architect cTnI: 0.59; 95% CI: 0.52-0.66). The diagnostic accuracy for differentiating unstable angina from non-cardiac causes of chest pain was significantly higher in younger patients than in elderly with Roche hs-cTnT (AUC: 0.74; 95% CI: 0.69-0.80; P ¼ 0.019 for comparison). Within the group of younger patients and within the group of elderly patients the diagnostic accuracy of all sensitive cTn assays was similarly low (P . 0.2 for comparisons). However, the diagnostic performance among sensitive assays was still significantly greater than that of the standard assay (AUC for the standard assay 0.52 in elderly as well as in younger patients, P , 0.001 for comparisons of the standard assay with the sensitive assays among elderly and younger patients).
In elderly patients, for the diagnosis of acute coronary syndromes (AMI or unstable angina), the negative-predictive value of a negative assay result, defined as a value below the 99th percentile with a level of imprecision of ,10%, was 64% (57-71%) for Roche hs-TnT, 65% (60-71%) for Siemens cTnI-Ultra, 64% (58 -70%) for Abbott-Architect cTnI, and 61% (56-66%) for the standard assay. In younger patients, the negative-predictive value was 86% (83 -89%), 86% (82-88%), 84% (81-87%), and 82% (78 -85%), respectively.
Prognostic value of sensitive cardiac troponin assays
The 90-day follow-up was completed in 100% of patients. Elevated levels of hs-cTnT and Siemens cTnI-Ultra above the 99th percentile at presentation in patients who had a final diagnosis other than AMI strongly predicted death within 90 days, while elevated levels of Abbott-Architect cTnI had no predictive value (Figure 4) . Accordingly, in a Cox regression model, adjusted for age .70 years, hs-cTnT, and Siemens TnI-Ultra levels above the 99th percentile represented independent predictors for death within 90 (23) 118 (29) 129 (19) 0.003
54 (55) 64 (21) ,0.001
ST segment depression
131 (12) 66 (16) 65 (9) 0.001
34 (35) 32 (10) ,0.001
Abnormal Q-wave 112 (10) 59 (15) 53 (8) ,0.001
14 (14) 45 (15) 0.937
Left bundle branch block 42 (4) 27 (7) 15 (2) ,0.001
14 (14) 13 (4) ,0.001
T-wave inversion
147 (13) 72 (18) 75 (11) 0.001
29 (30) 43 (14) ,0.001 
Discussion
This prospective multi-centre study involving consecutive patients .70 years of age examined the diagnostic performance of new sensitive cTn assays for the early diagnosis of AMI. We report seven major findings that have important clinical implications for 'rule in' and 'rule out' AMI: First, among elderly patients with a final diagnosis other than AMI, the percentage of patients with a baseline level of sensitive cTnI and hs-cTnT above the 99th percentile was high and differed largely among the three sensitive cTn assays, ranging from 13 to 51%. Clinically, the high incidence of elevated cTn levels in the elderly challenges the application of the 99th percentile as the decision limit for the diagnosis of AMI as suggested in current guidelines. Careful clinical assessment is essential to separate AMIs from a variety of acute and chronic disorders also associated with low-level myocardial necrosis, especially in elderly patients, since rhythm disorders, heart failure, and impaired renal function are common in them. 19 In addition, the substantial difference between the sensitive cTnI assays and the hs-TnT assay, regarding the incidence of cTn levels above the 99th percentile in patients without AMI, might indicate a variation of release of cTnI and cTnT in these non-AMI settings. The hypothesis of a difference in the release between cTnI and cTnT is supported by recent data indicating a higher prevalence of hs-cTnT levels above the 99th percentile than of cTnI levels above the 99th percentile in elderly patients without symptoms or signs of AMI. 9, 10 Secondly, despite the above findings, the diagnostic accuracy was similarly high already at presentation for all three sensitive cTn assays in elderly (AUC: 0.94-0.95) as well as in younger patients (AUC: 0.94-0.96) and significantly higher than that of the standard assay.
Thirdly, although the AUC of sensitive cTn assays did not differ significantly comparing elderly and younger patients, the best cut-off values to separate AMIs from non-AMIs varied substantially. Among elderly patients, the best cut-off values to separate AMIs from non-AMIs were around the 99th percentile with the sensitive cTnI assays, but nearly four times the 99th percentile with hs-cTnT. In contrast, the best cut-off values in younger patients were close to the 99th percentile for hs-cTnT and for cTnI-Ultra, but less than a third of the 99th percentile for Abbott-Architect cTnI. These findings highlight the clinical need to develop test-specific algorithms that fine tune the application of these novel tests for the diagnosis of patients with acute chest pain. . ............ ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ . ..... Troponin levels at presentation to the emergency department displayed as multiples of the 99th percentile in patients whose adjudicated final diagnosis was other than acute myocardial infarction. Boxes represent inter-quartile ranges, while whiskers display ranges (without outliers further than 1.5 inter-quartile ranges from the end of the box). Left side: patients, .70 years of age. Right side: patients, age 70 years or younger.
Fourthly, the accuracy of sensitive cTn assays was also very high among elderly patients with a recent onset of chest pain. Improvement in the early diagnosis of AMI offers the opportunity to minimize myocardial damage by extending early treatment options to AMI patients without ST-segment-elevation.
1,2 Our findings highlight that the 'rule in' benefits of sensitive cTn assays can be confirmed in the high-risk group of elderly patients. 1, 2, 23 The cost savings associated with increased sensitivity already at presentation might be substantial. 4 On the other hand, the lower specificity increases the incidence of patients with elevated cTn levels not having an AMI, which may trigger additional costly investigations to identify the cause of myocardial necrosis. Detailed cost analyses need to be performed to define the net economic effect of the clinical application of the sensitive cTn assays. 28 Furthermore, the distinction between an AMI and other medical conditions associated with cTn elevations including myocarditis, tako-tsubo cardiomyopathy, and heart failure will still require full clinical evaluation. Also, the ECG remains an indispensable tool to immediately identify patients with ST-segment-elevation AMI. 2 -6 Fifthly, the overall diagnostic accuracy of the sensitive assays at the 99th percentile, quantified by the AUC for the sensitive assays did not differ significantly in elderly and younger patients. However, regarding the diagnostic parameters in detail, the sensitivity and specificity of the sensitive cTn assays diverged in the elderly compared with younger patients, especially with hs-TnT.
All cTn assays showed higher sensitivity but lower specificity in elderly when compared with younger patients, reflecting the higher incidence of baseline levels above the 99th percentile in elderly patients with a final diagnosis other than AMI. Sixthly, sensitive cTn assays seemed not helpful in the diagnosis of unstable angina in elderly patients and had only little value in younger patients. Further research is necessary to identify biomarkers that reliably detect myocardial ischaemia without necrosis. 8, 29 Seventhly, elevated levels of Roche hs-cTnT and Siemens TnI Ultra in patients with a final diagnosis other than AMI were strongly related to all-cause mortality within 90 days. This association was not seen for the Abbott-Architect cTnI. Further investigations are required to specify the prognostic capabilities of sensitive cTn assays for short-and long-term prognosis and to illuminate potential explanations for differences among sensitive cTn assays and outcomes. Our findings extend the results of previous studies, investigating the long-term mortality of apparently healthy subjects with elevated levels measured with sensitive cTnI assays. 11, 30 Further, we found that none of the sensitive cTnI assays predicted an AMI within 90 days.
11,30
The following limitations of the current study merit consideration. First, we evaluated three sensitive cTn assays. We hypothesize that our findings can be generalized to other cTn assays with similar sensitivity and precision. However, additional studies need to confirm this hypothesis. Secondly, in this ongoing prospective study, the subgroup analysis of patients aged .70 years was not pre-defined at the time of the initial protocol written in 2005. It was added while we were still blinded to the results in 2008, 8 Table 6 Diagnostic performance of sensitive troponin assays at the 99th percentile; at 10% coefficient of variation for the standard assay (95% confidence interval)
21% of elderly, presumably healthy patients had elevated levels of sensitive cTn. 9 -11 Thirdly, this observational study cannot quantify exactly the clinical benefit associated with the increase in early diagnostic accuracy. To add this important information, interventional studies seem warranted. Fourthly, some of the patients with positive sensitive cTn values classified as non-AMIs might have had small AMIs below the decision value of conventional cTn. Presumably, this contributed to the reduced specificity of the sensitive assays. Fifthly, in this study, we found discrepant prognostic performance among the sensitive cTnI assays. Further analyses are necessary to evaluate possible explanations for these differences.
In conclusion, the excellent diagnostic performance of sensitive cTn assays in the early diagnosis of AMI can be confirmed in elderly as well as in younger patients. However, elevated cTn levels are common in elderly patients with diagnoses other than AMI and challenge differential diagnoses and currently recommended cut-off levels in the elderly, particularly with hs-cTnT, highlighting the clinical need to develop test-specific algorithms for patients with acute chest pain.
Supplementary material
Supplementary material is available at European Heart Journal online. Figure 4 Prognostic impact of elevations in cardiac troponin in patients with final diagnosis other than acute myocardial infarction. Kaplan-Meier curves showing mortality within 90 days in patients whose final diagnosis was other than acute myocardial infarction, comparing patients with levels of sensitive troponins above (green lines) and below (blue lines) the 99th percentile.
